A systematic investigation on the kinetic stability of silicon-substituted heterofullerene isomers C 59 Si and C 58 Si 2 and their molecular ions has been performed using minimum bond resonance energy (min BRE) modeling. Using min BRE theory, the min BREs of C 59 Si and C 58 Si 2 isomers are predicted to have lower kinetic stability than C 60 in both the neutral and ionic states. However, all isomers are predicted to be kinetically stable, with a min BRE > −0 100 from the neutral to hexaanionic states. We can expect that some of them may be as isolable as salts or endohedral complexes.
INTRODUCTION
The research of heterofullerenes has gained a lot of attention since the successful synthesis of C 60−x B x (x = 1 − 6) 1 was reported. Following this, C 59 N production was verified experimentally by Mattay et al. in 1995 2 and then in 1996 (C 59 N) 2 and (C 69 N) 2 was produced and isolated by Nuber et al. 3 The potassium-intercalated solid K 6 C 59 N and the isostructural insulating K 6 C 60 were prepared and structurally characterized by Wudl and co-workers in 1997. 4 In 2008 the dimetallic endohedral heterofullerenes M 2 @C 79 N (M = Y, Tb) was isolated and characterized by by Zuo et al. 5 In 2009 the trimetallic nitride azafullerene La 3 N@C 79 N was synthesized by Stevenson et al. 6 and in 2010 Gd 2 @C 79 N was isolated by Fu et al. 7 An interesting doping element is silicon, because its valence shell is isoelectronic with carbon. There have been reports of the formation of C 59 Si and C 58 Si 2 in the gas phase of heterofullerene preparation experiments, [8] [9] [10] [11] [12] however nobody has succeeded in isolating C 59 Si and C 58 Si 2 in macroscopic quantities.
Many fullerene molecules are generated in the gas phase that follows the laser vaporization of graphite, but only a few can be isolated in macroscopic quantities. This fact implies that although many fullerenes are thermodynamically stable, they are kinetically very unstable. By kinetic stability, it is meant stability against any possible reaction and decomposition. It is difficult to estimate the kinetic stability of a polyatomic molecule due to the innumerable chemical reactions involved. Its substructure is very reactive and fragile 13 14 and, in general, its kinetic stability is greatly affected by the presence of anti-or non-aromatic substructures.
It is known that the isolated pentagon rule (IPR) holds for isolable or extractable fullerenes. The highest occupied molecular orbital to lowest unoccupied molecular orbital (HOMO-LUMO) energy separation has been used as a conventional measure of kinetic stability for various -electron systems. 15 A large HOMO-LUMO gap can be associated with high kinetic stability because it is energetically unfavorable to add electrons to a high-lying LUMO or extract electrons from a low lying HOMO in order to form the activation complexes of any potential reaction. Unfortunately, both the IPR rule and the HOMO-LUMO gap are limited to neutral systems. Therefore, in order to estimate the stabilization of fullerene cage, the following two methods were proposed. Firstly, in 1995 Aihara proposed that the min BRE (minimum bond resonance energy) be used as an indicator of the stability of free fullerene cages when they encapsulate a metal atom. 13 16 17 Secondly, in 2005 Poblet and coworkers analyzed the structures of endohedral metallofullerenes and proposed the electron-transfer model. 18 Using these models, the formation of two of non-IPR endohedral fullerenes, Sc 2 @C 66 and Sc 3 @N@C 68 , were successfully explained. 18 19 Using the min BRE model, theoretical studies of the kinetic stability of heterofullerenes such as C 58 BN, 20 boron heterofullerenes 21 and azafullerenes 22 were also reported. However, it remained unknown whether or not C 59 Si and C 58 Si 2 could have stable isomers, or whether their charged ions were kinetically stable.
In this study, we report the min BRE of the silicon doped fullerene isomers C 59 Si and C 58 Si 2 and their molecular ions. These isomers were produced by replacing one or two carbon atoms from C 60 with silicon atoms. These results are also compared to the min BRE value of C 60 . The impact
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METHODS OF CALCULATION
The BRE represents the contribution of a given -bond to the topological resonance energy of the molecule. 23 The BRE is defined within the framework of Huckel molecular orbital (HMO) theory as follows;
13 a hypothetical -system, in which a given -bond (e.g., the Cp Cq bond) interrupts the cyclic conjugation of -electrons thereat, is constructed by assuming pq = i and qp = −i , where is the standard resonance integral between two carbon 2 pz orbitals and i is the square root of −1. In this -system no circulation of -electrons is expected along the circuits that share a common Cp Cq bond. The BRE for the Cp Cq bond can then be interpreted as a destabilizing energy in this hypothetical -system. In general, a molecule that has one or more bonds with a large negative BRE is kinetically very unstable. The min BRE signifies the smallest BRE in the molecule and is closely related to the kinetic stability of the molecule. Aihara proved that if the min BRE is less than −0 100 , the fullerene will be kinetically very unstable. 16 17 This provides a simple index for determining the degree of kinetic stability for both IPR and non-IPR fullerene isomers and their molecular ions. 24 Van-Catledge has evaluated the parameters for silicon 25 and in this paper we adopted the following values: h Si = 0 00 k Si-Si = 0 64 k C-Si = 0 75.
RESULTS AND DISCUSSION
The carbon atoms are numbered as indicated in the Schlegel diagram of C 60 shown in Figure 1 . We first consider the heterofullerene C 59 Si. Since all sites in C 60 are equivalent, substitution of one C by one Si atom leads to a single isomer. When the cage has been doped with two Si atoms and all identical symmetric structures have been eliminated, 23 distinct C 58 Si 2 isomers can be produced. For convenient discussion, all the carbon-carbon bonds have been classified into two types: 5/6 and 6/6 bonds. Here, the m/n bond denotes bond shared by an m-membered ring and an n-membered ring. The min BRE calculated for all isomers of C 59 Si and C 58 Si 2 , are presented in Table I . The min BREs of C 60 (I h ) are also included in Table I for comparison. The min BRE of prototypical fullerene C 60 is 0.0822 , which implies that all CC bonds contribute to the aromaticity of the molecule. C 60 is moderately aromatic and C 60 , C 59 Si and C 58 Si 2 are all isoelectronic. As shown in Table I , the min BREs of all the C 59 Si and C 58 Si 2 isomers are positive in sign, indicating that all the bonds contribute to aromaticity or extra thermodynamic stability due to cyclic conjugation in the neutral state. From Table I we can see that the min BRE values of the 23 neutral C 59 Si and C 58 Si 2 isomers are were between 0.0565 and 0.0696 . These are all smaller than the min BRE of C 60 (0.0822 ), therefore we can predict that C 59 Si and C 58 Si 2 have lower kinetic stability than C 60 . Billas et al. 26 stated that since the HOMO-LUMO gaps of C 59 Si and C 58 Si 2 are smaller than pure C 60 , they will be less stable. Our BRE calculation results support the Billas' predictions. DFT calculation revealed that for isomer 1-7, the two Si atoms would be located at cross sites of a hexagonal ring in a closed-cage C 58 Si 2 , 25 and this is the most stable of all the isomers. It is noteworthy that in the neutral state, all the isomers of C 59 Si and C 58 Si 2 have a min BRE greater than −0.100 . Therefore, we can expect that C 59 Si and C 58 Si 2 isomers are kinetically stable and that at least some of them can be obtained from the vaporization of silicon compound-graphite composite rods. Several papers have reported detecting the presence of silicon-doped fullerene C 59 Si and C 58 S 2 isomers. [8] [9] [10] [11] [12] This explains why C 59 Si and C 58 Si 2 can be detected using mass spectroscopy. Furthermore, as seen in Table I , the location of the min BRE of neutral fullerenes are mainly near the Si atom, but not at the site of C Si bond. As in the case of C 60 , the relatively weak bonds are generally the 5/6 CC bonds.
The min BREs of charged C 59 Si and C 58 Si 2 isomer species are also shown in Table I . With respect to the isomer's charge, the trend of the min BRE values of C 59 Si and C 58 S 2 are similar to that of C 60 . It was found that some mono-to pentaanionic C 59 Si and C 58 Si 2 isomers have min BREs that are slightly negative, although the absolute value is small. However, all the min BREs are greater than −0 100 . This means that all the C 59 Si and C 58 Si 2 isomers are predicted to still be kinetically stable even though they bear a negative charge. In the hexaanionic state, all the 5/5 bonds have positive min BRE values and enhanced aromaticity, and all bonds have aromatic contribution. Therefore we can predict that if six electrons are transferred from metal atoms to C 59 Si or C 58 Si 2 cages, A Study of the Kinetic Stability of Heterofullerene C 59 Si and C 58 Si 2 Isomers Kerim (6-7, 11-12, (6-7, 11-12, (6-7, 11-12, (6-7, 11-12, (6-7, 11-12, (7-22, 9 -10, Kerim A Study of the Kinetic Stability of Heterofullerene C 59 Si and C 58 Si 2 Isomers the 5/5 bonds will have the highest kinetic stability. We can therefore conclude that 66 is the magic number of electrons for C 59 Si and C 58 Si 2 isomers. The difference between the min BRE of C 60 and the min BREs of C 59 Si and C 58 Si 2 and their molecular monoto hexaanions can be explained in the following manner. According to the conjugated circuit model, 27 28 the greatest contribution to the polycyclic compound's aromaticity is from the smaller rings or circuits. The greatest contribution to the aromaticity of neutral fullerenes is six-member conjugated circuits. In neutral fullerenes, all atoms in the ring have the same electronegativity, thus the 60 electrons are uniformly distributed over the 60 carbon atoms. As a result, 6 electrons are found in each hexagon ring. This satisfies Huckel's 4n + 2 rule of aromaticity and guarantee the aromaticity of the ring. However, for C 59 Si and C 58 Si 2 , the Pauling electronegativity of silicon (1.9) is smaller than for carbon (2.5) . 29 This results in a substantial electronic charge transfer from the Si atom to the neighboring carbon atoms. 30 This indicates that the Silicon induces a partial C − Si + polarization. The electrons are localized at the carbon atom, which decreases the local aromatic character of hexagons. Moreover, because the atomic size of silicon is larger than that of carbon, positive charge localization at the Si atom causes a reduced the overlap between the 2p (C) and 3p (Si) orbitals, and the eventual decrease in the ring's conjugation. Therefore C 59 Si and C 58 Si 2 should exhibit significant differences in both geometrical and electronic properties when compared to C 60 . This aspect of C 59 Si and C 58 Si 2 is consistent with the smaller min BREs of all of the 5/6 bonds. If six electrons transfer from a metal atom to a C 59 Si or C 58 Si 2 cage, they will preferentially be stationed in the pentagonal rings, and cause an increase in its aromaticity and the formation of 6 -electronic structures. Thus, the min BREs are closely associated with the local aromaticity of C 59 Si and C 58 Si 2 isomers. According to the above results, we can predict that not only are C 59 Si and C 58 Si 2 isomers stable in their neutral state, but they also make metallofullerenes such as M@C 59 Si and M@C 58 Si 2 stable where M denotes metal atoms from monovalent to hexavalent.
CONCLUSIONS
Based on the min BRE results, we found that in both the neutral and ionic states the min BREs of C 59 Si and C 58 Si 2 isomers have smaller min BREs than C 60 at the corresponding ionic states. This suggests that, as anticipated, the presence of silicon leads to a general decrease of the kinetic stability of C 60 , but its effect is very small. All the isomers still have min BREs > −0 100 from neutral to hexaanionic states. Thus, all the C 59 Si and C 58 Si 2 isomers remain kinetically stable according to the BRE model. We can therefore predict that it may possible to synthesis them as salts or endohedral complexes.
